The photodissociation of the amide bond by UV light and soft x-rays is investigated by x-ray absorption spectroscopy at the C, N, and O 1s edges. Irradiation leaves a clear and universal signature for a wide variety of amides, ranging from oligopeptides to large proteins and synthetic polyamides, such as nylon. As the π * peak of the amide bond shrinks, two new π * peaks appear at the N 1s edge with a characteristic splitting of 1.1 eV. An additional characteristic is the overall intensity reduction of both the π * and σ * features at the O 1s edge, which indicates loss of oxygen. The spectroscopic results are consistent with the release of the O atom from the amide bond, followed by the migration of the H atom from the N to one of its two C neighbors. Migration to the carbonyl C leads to an imine, and migration to the C α of the amino acid residue leads to a nitrile. Imine and nitrile produce the two characteristic π * transitions at the N 1s edge. A variety of other models is considered and tested against the N 1s spectra of reference compounds.
I. INTRODUCTION
The amide bond plays a central role in protein chemistry. It forms the backbone of proteins by linking amino acids and thus determines the chemical stability of all forms of life. 1 In this context it is referred to as the peptide bond. Beyond protein chemistry one finds the amide bond in many other areas of organic chemistry. For example, it forms polyamides, a widely used class of polymers containing nylons and Kevlar.
The effect of ionizing radiation (UV, x-rays, gamma rays, cosmic rays, electrons) on biomolecules and polymers 2 has been of great interest for many reasons. Examples are radiation-induced mutations, UV-induced skin cancer, radiation therapy, irradiation of food for sterilization, photoresists in UV and EUV lithography, 3 radiation damage by x-rays in protein crystallography, [4] [5] [6] proteomics via electrospray ionization, 7 radiation damage of biological samples in microscopy, [8] [9] [10] [11] photo-degradation of polymers by sunlight or x-rays, [12] [13] [14] degradable polymers to reduce plastic waste, and the role of radiation in forming the chemical building blocks of life. 15, 16 More specifically, radiation damage of proteins in aqueous environments is frequently explained as a two-step process. The primary photochemical process splits water, and the resulting fragments attack the peptide bond in a secondary reaction. Direct processes come into play only at low temperatures. 5 Non-biological polyamides, such as nylons and Kevlar, are susceptible to photo-degradation by the UV component of sunlight 13 (Kevlar more so than nylon bea) Author to whom correspondence should be addressed. Electronic mail: fhimpsel@facstaff.wisc.edu.
cause its aromatic components absorb near-UV light). A variety of models for specific photodissociation processes has been developed. 4, [17] [18] [19] [20] [21] [22] Radiation damage studies of DNA (Refs. 23 and 24) have identified dehydrogenation of the monomers (i.e., the nucleotide bases) as a common reaction, leading to the formation of thymine dimers, which can cause skin cancer. This process can be induced by low energy electrons (∼2 eV), which are a byproduct of the cascade of secondary electrons that accompanies ionizing radiation in tissue.
In studies of photochemistry at surfaces there have been efforts to find a generic mechanism for photon-stimulated desorption that is applicable to a broad class of materials. Among the proposed mechanisms are optical transitions to repulsive potential curves 25, 26 and Coulomb repulsion in ionic crystals after the conversion of a negative ion into a positive ion by an Auger process. 27 Indirect dissociation by secondary electrons has been considered as well. 28 Here we report a universal photochemical bond breaking pattern of amides, which leaves a characteristic fingerprint at the N 1s x-ray absorption edge in the form of two lowlying π * transitions. This occurs for all amides that we have studied, ranging from amino acid dimers all the way to large proteins and polyamides. It also occurs over a wide photon energy range of at least 11-600 eV. Such a widespread phenomenon suggests a universal mechanism for the attack of the amide bond by ionizing radiation which may be explained by the involvement of secondary electrons created by the primary photoexcitation.
Previously proposed models for radiation damage of amides by soft x-rays 9, 11, 29 together with many other conceivable models are tested systematically using reference compounds. Only one of many models is consistent with all the x-ray absorption data at the C, N, and O 1s edges. First, the oxygen atom is removed from the amide bond, then a H atom moves from the N to one of the two neighboring C atoms (either C or C α ), forming either an imine or a nitrile. These results illustrate the ability of soft x-ray spectroscopy to identify biochemical reactions involving proteins, including the effect of radiation damage.
II. SAMPLE PREPARATION
All chemicals were obtained from Sigma-Aldrich in anhydrous powder form and used as received. Two general methods were used to prepare the samples. One consisted of rubbing the powder into conductive carbon tape, the other of drop casting a dilute solution on a Si wafer covered either with native oxide or Au. The latter has the advantage of obtaining meaningful C 1s spectra but the possible drawback of incorporating reaction products with the solvent into the sample. Since many of the samples are insulating, a fine distribution of the powder in the tape or a sufficiently thin film is important to prevent instabilities in the absorption spectra when measured in the total electron yield mode.
Specifically, the samples whose spectra are shown in the figures were prepared as follows: Cytochrome c, cytosine, melamine, polyacrylonitrile, dimethyl cyclohexadiene diylidene biscyanamide, 4,6-dihydroxypyrimidine, and dimethyl adipimidate·2 HCl (DMA) were pressed into carbon tape; alanine anhydride, hexaglycine, polyglycine, bovine serum albumin (BSA), and tris-pyridyl triazine were dissolved in deionized water and dried onto a silicon wafer; nylon 6 was dissolved in trifluoro ethanol and dried onto a silicon wafer; ethyl violet was dissolved in ethanol and dried onto a silicon wafer; and 8CB was dissolved in toluene and deposited onto a gold-coated silicon wafer. Because of its volatility, 6-nitroso-1,2-benzopyrone was evaporated onto a liquid nitrogen cooled copper rod.
In order to minimize secondary photochemical reactions involving waters of hydration and solvents, the samples were dried by pumping down to ultrahigh vacuum (10 −10 Torr range) for several hours. Nevertheless, it is quite possible that the biological samples still contained a residual amount of waters of hydration which were bound too strongly to be pumped away. For example, cytochrome c contained about 5%-10% water as shipped. The O 1s absorption spectra of BSA in Fig. 2(b) show a small feature at ≈535 eV that coincides with the hydroxyl σ * peak near 535 eV. 30 Nylon 6 does not have any feature at this energy in Fig. 2 (c) because it contains very little water. In all cases the π * peak of the amide bond completely dominates possible water-related features. Water does not have any absorption peaks in the O 1s π * region.
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III. X-RAY ABSORPTION MEASUREMENTS
The x-ray absorption experiments were performed at the Synchrotron Radiation Center (SRC) in Madison and at the Advanced Light Source (ALS) in Berkeley. Details have been described previously. 31, 32 Radiation damage was minimized by working with the narrowest possible monochromator slits, using filters (at the SRC), or spreading the light out over an area of 3 × 5 mm 2 (at the ALS). All absorption spectra were measured by collecting the total electron yield.
The photon energy was calibrated at the N 1s and O 1s edges by using the sharp 2p-to-3d transition in TiO 2 (rutile) at 458.0 eV as secondary standard. This value was established by measuring TiO 2 powder side-by-side with gas phase N 2 trapped inside an irradiated imide. 33 The first vibrational line of N 2 at 400.9 eV (Ref. 34 ) served as primary standard. The C 1s edge was calibrated to the 1s-to-π * transition in graphite at 285.35 eV. The absolute accuracy is about ±0.2 eV, the relative accuracy between different compounds about ±0.1 eV, and the relative accuracy between different π * peaks at the same absorption edge about ±0.05 eV. The energy resolution was significantly better than the width of the observed features, with the vibrational splitting of N 2 at the N 1s edge clearly resolved.
All spectra are normalized to the incident photon flux. In order to remove the effects of beam fluctuations and decay, the sample current is divided by the current from a mesh coated in situ with Au. After this division a linear background is subtracted using an extrapolation of the pre-edge signal. This background reflects absorption from valence states and lower-lying core levels. This normalization produces a signal proportional to the density of C, N, or O atoms which can be used to investigate photon-induced desorption.
The radiation dose (in Gy = J/kg) is determined by the following formula:
where I is the photocurrent from the Au mesh, t is the exposure time, Y Au is the photoelectric yield of Au (which we assume to be 10% at ∼400 eV (Ref. 32)), F is the fraction of photons intercepted by the mesh (∼10%), E is the energy per photon, V is the irradiated volume of the sample, and ρ is the density of the sample. The volume is 1 mm 2 × 0.5 μm (spot size times absorption length) and the density is 1.35 g/cm 3 for BSA. 35 We find substantial variations in the sensitivity to irradiation between the different amides in Fig. 1 but did not explore them systematically, hence only dosage information for BSA is presented. The dosages for the two irradiated BSA spectra in Fig. 1 are 12 and 47 MGy, respectively. Comparable spectra were obtained in Ref. 9 (Fig. 8) for a bacterial surface protein at exposures of ∼13 MGy and ∼52 MGy.
IV. UNIVERSAL PATTERN OF BOND BREAKING
In order to characterize the photochemical reactions during irradiation of the amide bond, we use x-ray absorption spectroscopy as element-and orbital-selective technique. Since the amide bond orbital extends over the three atoms C, N, and O, one can use the corresponding 1s absorption edges for testing potential bond-breaking models in great detail. In these measurements, electrons are promoted from the 1s core levels into the lowest unoccupied valence orbitals, which typically have π * character. The π * orbital of the amide bond produces the most pronounced peak in the x-ray absorption spectra of amides 9, 31, 32, 36-43 at all three absorption edges. The N 1s absorption edge is particularly selective of the amide bond. The optical matrix element between the N 1s core level and the π * orbital selects the N atom at the center of the amide bond and eliminates any other C-, O-, or H-based bonds. Furthermore, this π * orbital is not present in individual amino acids. It appears only after the formation of the peptide bond between amino acids. 37, 38, 42 Figure 1 shows N 1s absorption spectra from a variety of amides, ranging from small molecules to polymers and encompassing both biological and non-biological compounds.
The pristine spectra all exhibit a major peak at about 401.4 eV that is due to the transition from the N 1s core level into the antibonding π * orbital of the amide bond. The energy position of this π * peak varies slightly between the different compounds in Fig. 1 (from 401.2 eV for the smallest molecules to 401.6 for BSA and cytochrome c). This can be attributed to different amino acid residues or to variations in the hydrogen bonding.
Upon irradiation with soft x-rays the π * peak of the amide bond decreases and is gradually replaced by a pair of lower energy π * peaks at about 398.9 eV and 400.0 eV. A small variation of the peak positions is observed among different compounds, similar to that for the pristine amide π * peak. The splitting of the radiation-induced π * doublet does not vary within the experimental accuracy of ±0.05 eV and thus provides a rather stringent criterion for identifying the end product of the photochemical reaction. Another criterion is the intensity ratio of about 1.1 ± 0.1, with the more intense peak at 398.9 eV.
Similar observations have been made for bacterial surface proteins, 9 fibrinogen, 11 cytochrome c, 32 and various polypeptides. 40 A surprisingly similar doublet of low-lying π * peaks has also been observed for amino acids after irradiation, 29, 44 even though pristine amino acids do not exhibit the π * peak of the peptide bond. 37, 38 This has been explained by a polymerization of amino acids into peptides under irradiation. 29 This characteristic radiation damage occurs over a wide photon energy range. We observe the effect from below 11 eV (the LiF window cutoff 45 ) to at least 600 eV. The quantum efficiency is roughly proportional to the photon energy, which in turn is roughly proportional to the number of secondary electrons produced by a photon. This observation provides another argument for the involvement of secondary electrons in the radiation damage, rather than the primary photoabsorption event. This is reasonable, since the decay of a core hole produces only a single Auger electron but many secondary electrons. The end product must be rather stable, since the characteristic π * doublet remains unchanged for at least 3 days in vacuum.
This photochemical bond breaking pattern happens consistently in a broad class of materials that have the amide bond as common feature. It is independent of whether the molecules are large or small, or whether or not they are biological. For example, the size range of the molecules covered in Fig. 1 starts with the shortest possible amides which are formed by a closed loop of two amino acids containing 2 amide bonds in alanine anhydride ( Fig. 1(a) ). Similar spectra are obtained from glycine anhydride (not shown). Next comes a short peptide (hexaglycine) containing 5 peptide bonds ( Fig. 1(b) ), a long peptide (polyglycine) containing several tens of peptide bonds ( Fig. 1(c) ), then the small protein cytochrome c with 103 peptide bonds ( Fig. 1(d) ), and eventually the large protein bovine serum albumin (BSA) containing 607 peptide bonds ( Fig. 1(e) ). Non-biological polyamides such as nylon 6 ( Fig. 1(f) ) exhibit the same spectroscopic pattern.
In order to provide additional information about the bond-breaking pattern, we use the O 1s edge in Fig. 2 and the C 1s edge in Fig. 3 . Like at the N 1s edge, the prominent peak in the pristine spectra corresponds to a transition into the π * orbital of the amide bond (≈532.2 eV for O 1s, ≈401.4 eV for N 1s, ≈288.1 eV for C 1s). This reflects the fact that the amide bond extends over all three atoms.
A closer look at the character of the amide bond and its implications on the x-ray absorption spectra is given in Figs. 4(a1) and 4(a2). The amide bond is a conjugated π system which can be viewed as a superposition of a Model for the dissociation of the amide bond, which is compatible with the absorption spectra at the N, O, and C 1s edges. The amide bond is a conjugated π system which can be viewed as a superposition of the "covalent" configuration (a1) and the "(zwitter)-ionic" configuration (a2). Configuration (a1) is required to observe a π * orbital at the O 1s edge (Fig. 2) and Configuration (a2) to observe it at the N 1s edge (Fig. 1 ). (b) shows the intermediate state after removing the oxygen atom by irradiation. To repair the broken C=O bond, the H atom bonded to the N can migrate to one of the two adjacent carbon atoms (C or C α ), as indicated by two arrows. The two final reaction products are an imine in (c1) or a nitrile in (c2). They give rise to the two π * peaks appearing at the N 1s absorption edge in Fig. 1 .
"covalent" and a "(zwitter-)ionic" configuration. In the "covalent" configuration the orbital of the double-bond covers the C=O group, in the "ionic" configuration the C=N + group, and in the superposition it covers both. This leads to a single wave function which extends over all three atoms (N, C, O).
The O 1s spectra in Fig. 2 show an overall intensity reduction across the whole spectrum. This implies that the amide oxygen is released by the photochemical reaction, in agreement with the conclusion of previous studies. 9, 29 Since the intensity is reduced not only for the π * peak at ≈532.2 eV but also for the higher-lying σ * manifold between 538 eV and 550 eV, the data cannot be explained by a conversion of π -to σ -bonded oxygen alone. There must be desorption of oxygen.
The loss of oxygen occurs at the same rate as the decrease of the π * peak of the amide bond at the N 1s edge and the increase of the radiation-induced π * doublet at the N 1s edge (not shown, see Ref. 32 for the decay and growth rates in cytochrome c). As with the results at the N 1s edge, the observations at the O 1s edge are common to the broad variety of amides covered in this study. Thus one has again a universal phenomenon.
The C 1s spectra in Fig. 3 are dominated by the π * peak of the peptide bond at 288.1 eV in pristine samples. Irradiation quenches this peak, which is consistent with the findings at the N 1s and O 1s edges. Two new π * features appear at lower energy, whose shape comes out more clearly in the difference spectrum. The arrow at 284.9 eV indicates a typical energy for the π * peak of imines, 29, 46, 47 and the arrow at 286.5 eV denotes the characteristic energy of the π * peak in nitriles. 29, 48 The small peak at 287.7 eV in the difference spectrum is probably caused by a slight downward shift of the amide π * peak. The C 1s edge tends to be less informative than the O 1s and N 1s edges because amides contain many other types of C atoms in addition to the C at the center of the amide bond. Some of these may exhibit their own photochemical reactions, for example, those in the amino acid residues. Therefore we refrain from a discussion of the smaller features in the C 1s spectra.
V. A MODEL THAT EXPLAINS THE SPECTROSCOPIC DATA
Several mechanisms have been considered to explain the low-lying π * doublet created by irradiation of the amide bond. The observations on bacterial proteins were explained in terms of a de-oxygenation, followed by the formation of π -bonded carbon-nitride compounds. 9 De-oxygenation was inferred from the decrease of the π * peak at the O 1s edge with irradiation, in agreement with our results. The formation of carbon-nitride compounds was suspected by analogy to N 1s absorption data from nitrogen-substituted graphite systems.
Studies of amino acids (rather than peptides) have also found the characteristic doublet of π * transition at the N 1s edge as a result of irradiation, 29, 44 even though pristine amino acids do not exhibit the π * orbital characteristic of the amide bond. 29, 37, 38, 44 A variety of pathways have been proposed 44 through which amino acids decompose upon irradiation, such as de-hydrogenation (de-protonation), de-hydration, de-carboxylation, de-carbonylation, and deamination. In particular, de-protonation of amino acids was thought to be responsible for the formation of low-basicity nitrogen-containing functional substituents, such as imino (C=NH), cyano (C ≡N), or amido (CONH 2 ). For the photochemistry of glycine, 29 a two-step model was proposed, in which an amino acid is initially polymerized to a peptide by irradiation, as identified by the appearance of the characteristic π * peak of the amide bond at the N 1s edge. Further exposure results in the growth of the same π * doublet that we observe for amides. The doublet was attributed to a combination of imine and nitrile, 29 which agrees with our assignment.
By combining the features in the C, N, and O 1s spectra of a wide variety of amides, we have developed a simple model for the radiation-induced decomposition of the amide bond, as shown in Fig. 4 . First, the carbonyl oxygen is desorbed from the amide bond, leaving its carbon with a lone pair of electrons (Fig. 4(b) ). Then a hydrogen is transferred from the amide nitrogen to one of the two carbon neighbors, either to the carbonyl carbon (C) or to the carbon of the amino acid residue (C α ). In the first case an imine is formed (Fig. 4(c1) ) and in the second case a nitrile is formed. While the formation of an imine leaves the backbone intact, the formation of a nitrile involves breaking the N-C α bond and terminating the C α with the H (Fig. 4(c2) ). While Fig. 4(b) is a natural intermediate step, we cannot rule out other intermediate configurations.
This model is consistent with the observed C, N, and O 1s spectra. It is universal, since it depends only upon the four atoms involved in the amide bond (C, N, O, H) . The structure of the amino acid residues has little influence, since the C α atom is not involved in the amide bond. Interactions with neighboring molecules or different polymer strands are possible, for example via hydrogen bonding or dielectric screening. However, they cause only small core level shifts of a few tenths of an eV, as one can infer from the variation between the π * peak positions in different compounds in Fig. 1 . To simulate the N 1s absorption spectrum resulting from this model we have added the spectrum of an imine and a nitrile in Fig. 5 . Their superposition approximates the doublets seen in Fig. 1 reasonably well. The actual branching ratio of the two reactions is not as close to 1:1 as the π * peak heights seem to indicate. The photoabsorption cross section of the nitrile π * peak is significantly larger than that of the imine, judging from its much larger π * /σ * intensity ratio (not shown). Therefore, we conclude that there actually is significantly less nitrile than imine, in agreement with a previous finding for irradiated amino acids.
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VI. CONSIDERATION OF OTHER MODELS VIA REFERENCE COMPOUNDS
Even though the proposed model is able to explain the spectroscopic results, it is prudent to consider other proposed or conceivable models and investigate their expected fingerprints in the absorption spectra. Therefore we have investigated a large variety of reference compounds that might exhibit low-lying π * orbitals (see Fig. 6 ). Since the amide bond contains nitrogen, one can use the N 1s edge to eliminate a large number of chemical reactions that do not involve nitrogen. Furthermore, the amide bond contains only a single nitrogen atom, which leads to a single π * peak for all the amides investigated in Fig. 1 . The single N makes the appearance of two π * peaks after bond breaking quite a surprise. One can conceive several mechanisms to lead to a doublet at the N 1s edge:
(1) Two inequivalent N atoms are involved (see Figs. 6(d) , 6 (e), 6(h), and 6(i)). Since the amide bond contains only one N atom, one has to invoke either two different reaction pathways or the involvement of a second N atom in a neighbor molecule, e.g., via cross-linking, a common process in organic photochemistry. 2 Natural partner sites for cross-linking of polyamides are established by the hydrogen-bonds between adjacent amide groups: >C=O· · ·H-N<. (2) A single N atom is π -bonded to a larger conjugated π -system with several π * levels. However, the higher π * levels tend to have lower intensities (not shown). (3) The degeneracy of the two orthogonal π * orbitals of a triple-bonded nitrile is removed by coupling a planar π -system (see Fig. 6(c) ). (4) Two tautomers are involved, i.e., an amide can become an imidic acid by moving the H from the N to the O (see Figs. 6 (h) and 6(i)). This is accompanied by an interchange of a single bond with a double bond. A similar bond swap can occur between an amine and an adjacent imine sharing a C atom, such as in Fig. 6(e) . Only the dominant configuration is shown. The other has NH everywhere.
Even after identifying an explanation for the doublet, one still has to satisfy the constraints provided by the characteristic splitting of 1.1 eV and the intensity ratio of approximately 1:1.
In the following we will discuss the N 1s spectra in Fig. 6 from compounds which were selected as candidates for explaining the N 1s spectrum of the photochemical reaction and in particular the two low-lying π * orbitals. Figure 6 (a), tris-pyridil triazine (π * peak at 398.6 eV): This compound is representative of imine bonds in large N=C π -systems, as suggested previously. 9 These should have lowlying π * orbitals according to the criteria developed above. That is indeed the case. The prominent π * peak at 398.6 eV lies lower than most of the other π * peaks in Fig. 6 . This is close to the π * peak of smaller imine systems, such as pyridine (398.8 eV), 47 pyrimidine (398.8 eV), 46 , 47 pyrazine (398.8 eV), 46, 47 and s-triazine (398.9 eV). 47, 49 We observe a similar value of 398.6 eV for the intermediate-sized triphenyltriazine (spectrum not shown). However, none of these compounds exhibits a splitting of the π * peak, not even the larger π -systems which contain a manifold of π * orbitals. This allows us to rule out a previous suspicion that graphitic carbon-nitride compounds are formed in radiation-damaged proteins 9 with a bonding configuration similar to nitrogen substituted graphite systems. 50 Other large aromatic systems, such as NTCDI (naphthalene tetracarboxylic diimide) 51 and porphyrins, 31 also show only a single LUMO peak at the N 1s edge, followed by much weaker peaks at ≈2 eV higher energy. Transitions into higher-lying π * orbitals tend to become rapidly weaker in x-ray absorption spectroscopy. Figure 6 (b), polyacrylonitrile (π * peak at 399.9 eV): The C ≡N bond contains two degenerate π * orbitals which are produced by p x , p y orbitals perpendicular to the triple bond. This leads to a single peak at the N 1s edge, for example in acetonitrile 52 and polyacrylonitrile. try between x and y. This can be achieved by coupling to an anisotropic ligand, such as a π -system consisting exclusively of p x orbitals. Examples are acrylonitrile, 54 benzonitrile, 55 9-cyanoanthracene, 53 and 5CB. 56, 57 Our N 1s spectrum of 8CB shows the characteristic doublet of low-lying π * peaks observed in all these nitriles. Figure 6 (d), dimethyl cyclohexadiene diylidene biscyanamide (π * peaks at 397.8 and 400.4 eV): This molecule contains π * orbitals of both imine and nitrile, plus an aromatic C ring. The interaction between these π systems leads to a complex manifold of π * orbitals, including some at very low energy. Figure 6 (e), melamine (π * peaks at 399.9 and 400.9 eV): Melamine contains two types of N atoms with different N 1s core level binding energies. The inner N atoms are π -bonded as imine inside the triazine ring. The outer N atoms are nominally in a σ -bonded amine configuration, which should not produce a low-lying π * orbital. A closer look at the calculated charge distribution of the LUMO (Ref. 58) reveals that the π * -system of the LUMO extends out of the triazine ring onto the outer N atoms, thereby encompassing both types of N atoms. Thus one can have two transitions from both N 1s core levels into the same LUMO. Indeed, XPS data of melamine-formaldehyde resins have been interpreted in terms of an imine nitrogen (=N-) with 398.4 eV binding energy and an amine nitrogen (-NH-) with 399.5 eV. 59 The XPS splitting of 1.1 eV agrees with our NEXAFS splitting of 1.0 eV at the N 1s edge (Fig. 6(b) ) within the accuracy of the XPS data. Although melamine is amenable to tautomerism, the configuration shown in Fig. 6 is dominant in the solid phase. 60 Figure 6(f), ethyl violet (a.k.a. gentian violet, π * peaks at 399.6 and 401.6 eV): Ethyl violet exhibits a doublet despite the equivalence of the three N atoms. The inset shows the dominant configuration with the positive charge residing on the central carbon atom and on the phenyl rings. A second configuration has the positive charge on one of the three N atoms. The situation is similar to that in malachite green, whose electronic structure has been investigated in detail. 61 The configurations containing N + are energetically less favorable, since N is more electronegative than C. In the absence of a more thorough theoretical study of ethyl violet it is difficult to make a clear assignment for the two observed π * transitions. Tentatively one may associate the lower π * peak at 399.6 eV with neutral N and the upper π * peak at 401.6 eV with N + , because the N 1s core level has a higher binding energy in N
+ . An analogous shift (from 398.9 eV to 400.4 eV) has been observed with pyridine groups in poly(4-vinylpyridine) in solution when going from neutral N to protonated N at pH 2.5.
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Figure 6(g), dimethyl adipimidate·2 HCl = DMA (π * peak at 400.9 eV): The dominant configuration >C=N + H 2 represents iminium. HCl is separated into H + and Cl − and the proton becomes attached to the NH group. Only a single π * peak is observed, like for many imine compounds ranging from pyridine to the extended π -bonded network in Fig. 6(a) . Compared to imines, the positive charge of iminium increases the binding energy of the N 1s core level and so increases the transition energy. Thus, neither iminium nor imine alone lead to a promising route towards explaining a π * doublet. Figure 6 (h), cytosine (π * peaks at 399.4 and 400.7 eV): This nucleotide base exhibits a doublet of π * orbitals. It contains three inequivalent N atoms in amine, imine, and amide configurations. The latter two produce π * orbitals. Figure 6 (i), 4,6-dihydroxypyrimidine (π * peaks at 399.5 and 400.7 eV): This is an example where several tautomers may coexist, i.e., the H can be attached either to the N or to the O atom of the amide bond (see the situation D listed above). In addition, one can have the ionic and covalent configurations discussed with the amide bond in Figs. 4(a1) and 4(a2). Here we have two amide bonds in one molecule, which allow for several combinations (compare Ref. 63 ). Furthermore, the stability of various tautomers changes when going from a solution to a molecular solid, where directional hydrogen bonds play a role in establishing the crystal lattice. Only two tautomers are shown in Fig. 6 (h) to illustrate how a π * doublet may be generated by tautomerism. The symmetric version would generate a single π * peak, and the asymmetric version containing an amide and an imidic acid would generate two π * peaks. Such effects have been observed by x-ray absorption and XPS, 64 with a splitting of 1.0 eV in the N 1s binding energy between -OH and -NH tautomers. Figure 6 (j), 6-nitroso-1,2-benzopyrone (π * peaks at 399.1 and 400.5 eV): This nitroso compound surprisingly exhibits a low-lying doublet, despite the fact that the molecule contains only one N atom. Even though the splitting of 1.4 eV is too large to explain the doublet in Fig. 1 , and despite the presence of oxygen, the nitroso group is useful for demonstrating an additional mechanism for obtaining a lowlying doublet at the N 1s edge. Our tentative explanation is based on calculations for nitrosobenzene. 65 The two lowest unoccupied orbitals with significant amplitude at the nitroso group lie at -1.131 eV and 0.754 eV. Their energy difference of 1.885 eV is comparable to the splitting of 1.4 eV observed in nitrosobenzopyrone. Looking at the calculated wave functions, one finds that these two orbitals represent the bonding and antibonding combinations of a π * orbital of benzene and a π * orbital of NO. Since the uppermost π * orbital of NO is singly occupied, the NO group can replace a H atom of benzene.
None of the reference compounds in Fig. 6 can explain all of the observed features of the broken amide bond. Some have only a single π * peak at the N 1s edge (a, b, and g), some have a double peak with the wrong splitting (c, d, f, h, and j), some have a doublet at the wrong energy (e and i), and some still contain oxygen (g, h, i, and j).
VII. CONCLUSIONS AND OUTLOOK
In summary, we find that irradiation of amides by soft xrays universally leads to a characteristic signature at the N 1s x-ray absorption edge. The π * peak of the amide bond is replaced by a low-lying doublet of π * peaks with a splitting of 1.1 eV. This signature is found for a wide range of amides, from small peptides to large proteins, as well as for polymers such as nylon. A systematic search is undertaken to identify possible reaction products that exhibit the same spectroscopic features, including previously proposed reaction products. Among many possible models that have been tested, only one is consistent with the spectroscopic results. This model consists of an initial desorption of O followed by a migration of H from the amide N to one of the neighbor C atoms. These two pathways lead to two different reaction products, an imine and a nitrile. Since an imine keeps the backbone intact and a nitrile leads to fragmentation, it would be interesting to verify these predictions by independent methods.
This finding has consequences beyond amides. It has been found that amino acids 29, 44 and imides 33 can exhibit the same characteristic π * doublet at the N 1s edge after irradiation, because they are first converted to an amide which then decays via the universal pattern.
In the future, it would be interesting to explore whether other types of radiation produce the same bond breaking pattern (for example electrons or ions). Our observation of the same reaction products over the photon energy range of 11-600 eV suggests that the initial photoexcitation process is less important than the decay processes which create a large number of secondary electrons per photon. Secondary electrons are produced by all kinds of ionizing radiation. They are able to populate the antibonding orbitals and thus initiate bond breaking (compare the role of electrons in the radiation damage work on DNA (Refs. 23 and 24)).
A related question is the role of radicals and ions created via fragmentation of waters of hydration by irradiation, a process that has been widely discussed as a potential cause of radiation damage in protein crystallography.
A further avenue of interest would be a theoretical investigation of how the H atom migrates from the N to one of the two nearby C atoms. That could explain the observed branching ratio between the imine and nitrile reaction products.
